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This study aims to bridge significant knowledge gaps in the understanding of graphene growth
mechanisms. We enhance current kinetic models through a detailed investigation of C,H, deposition
processes on solid graphene surfaces. These processes represent key elementary reaction steps in the
complex heterogeneous network responsible for pyrocarbon formation during chemical vapor deposition
and infiltration processes. Unlike previous methodologies that relied on analogies with gas-phase systems,
our research meticulously explored the actual system, providing a comprehensive overview of the
reactions involved in graphene growth at both armchair and zigzag edges. Utilizing transition state theory,
we calculate accurate, temperature-dependent rate constants for all elementary reactions in graphene
edge growth. This sheds light on the mechanisms and kinetics of pyrocarbon growth, including the
potential for structural defect formation. Findings are compared with analogous gas-phase reactions
responsible for soot particle formation, assessing the impact of surface interactions. A lumping technique is
applied to reduce the complexity of species and reactions while preserving the accuracy of the chemical
description. As such, this approach offers valuable insights into relevant pathways paving the way towards a
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deep understanding of the chemistry of the pyrolysis of hydrocarbons aiming to produce nanomaterials

rsc.li/reaction-engineering with targeted properties.

1. Introduction

Hydrocarbon pyrolysis processes hold tremendous promise as
highly efficient methods for fabricating value-added carbon
(VAC) materials, along with the concomitant production of
hydrogen, often referred to as “turquoise hydrogen™.'”
Overall, the synthesis of graphene, pyrolytic carbon, carbon/
carbon composites, carbon nanotubes, and fullerenes, among
others, from hydrocarbons may enable a key material/energy
nexus by fixating the carbon content of the starting feedstock
into usable and durable materials, while producing hydrogen,
a carbon free energy carrier that can be used for energy
production avoiding CO, emissions. VACs exhibit exceptional
mechanical, electrical, and thermal properties, rendering
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them highly promising for a wide range of applications,
including the substitution of energy-intensive materials (e.g.,
metals, aluminum, etc.) or a variety of other uses in the
automotive, electronics or aerospace industries.*® However,
their widespread utilization faces challenges due to the
limited understanding of the underlying chemical and
physical phenomena governing their growth during
hydrocarbon pyrolysis. Chemical vapor deposition (CVD) and
chemical vapor infiltration (CVI) represent two widely
employed techniques for VAC production.’ In these processes,
hydrocarbons undergo pyrolysis at high temperatures (~800-
1500 K) and low to atmospheric pressure (~1-100 kPa)
leading to the deposition of carbon atoms on a surface (CVD)
or to the infiltration in a preform (CVI).'® This gradual growth
or densification of the starting carbon preform enhances the
thermal, mechanical, and chemical properties of the resulting
material. Contextually, depending on the feedstock and on
the operating conditions, H, is produced either directly
through gas-phase reactions or via gas/surface interactions
(e.g.,, by H-atom abstractions from the surface) further
valorizing the process product. This also leads to the
formation of various intermediates, including low molecular
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weight hydrocarbons such as ethylene (C,H,), acetylene
(C,H,), and propyne (C3H,), as well as aromatic compounds
like benzene, toluene, fulvene, polycyclic aromatic
hydrocarbons (PAHs), and amorphous carbon, commonly
referred to as particulate matter, or soot. Therefore, it is of
primary importance to control the selectivity towards H, and
solid materials with the desired quality and nanostructure
minimizing the formation of lower value byproducts in the
gas phase including amorphous carbon. To achieve this goal,
the theoretical exploration of heterogeneous reaction
channels and the development of predictive chemistry models
are essential since they allow us to understand the underlying
chemistry and to establish correlations between the starting
feedstock, process conditions and process outputs (i.e., gas-
phase composition, nanostructure of the solid material, H,
yield, etc.).

Several heterogeneous kinetic models have been proposed
in the literature to model the growth of graphene layers in
both CVD and CVI processes.'®** Among these models, the
hydrogen abstraction carbon addition (HACA) mechanism
has received significant attention. This is primarily due to its
pivotal role in the formation and growth of polycyclic
aromatic  hydrocarbons (PAHs) and soot through
homogeneous gas-phase reactions under conditions similar
to those employed in CVD/CVI processes (i.e., low pressure
and temperatures ranging from 1000 to 1500 K) as discussed
in ref. 13-15. The HACA mechanism involves the formation
of a ¢ radical via H-atom abstraction reactions by a radical
species in the gas phase (e.g, R = H, CH;, C,Hj, etc),
followed by the addition of an wunsaturated gas-phase
intermediate (C,H, = C,Hy4, C,H,, etc.) on the surface radical
active sites, and subsequent growth at the edges through H
transfer and ring-closure reactions. A schematic of these
three steps of the HACA mechanism on zigzag and armchair
graphene edges is provided in Fig. 1.

Recent studies’®'” have mechanistically investigated the
H-atom abstraction reactions and provided semi-empirical
approaches to estimate rate constants. In particular, Ding
et al'® performed theoretical calculations for H-atom
abstraction reactions by H, major alkyl and alkenyl radicals
at graphene edges using density functional theory (DFT).
Serse et al'’ derived empirical correlations between gas-
phase reactions and gas/solid reactions from calculations of
analogous reactions occurring on relatively large PAHs
(phenanthrene, anthracene, tetracene) having zigzag and/or
armchair configuration. The findings were then implemented
in a detailed mechanistic model that was validated over a
wide range of experimental targets.'"'*'87° Nevertheless, no
similar study was performed for the carbon addition step of
the HACA mechanism.

Besides the inaccuracy of the currently implemented
HACA kinetic parameters for gas/solid deposition
mechanisms as they are largely based on direct analogies
with gas-phase growth of aromatics, existing models also lack
in the capability of predicting the formation of
nanostructural defects such as graphene sheet curvature due
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Fig. 1 Schematic representation of the HACA mechanism on armchair
and zigzag edges.

to the formation of 5- or 7-membered rings, void bays, and
the sp’/sp® hybridization ratio of surface carbon. Quantifying
the presence of such defects is crucial, as they significantly
influence the degree of optical anisotropy and, consequently,
the properties of the final material. However, existing
models’® "> primarily focus on rather macroscopic
quantities such as carbon deposition rates and deposited
mass, for which some experimental data are available across
a relatively wide range of kinetically controlled conditions.
Aiming to extend our recent kinetic model for pyrocarbon
deposition'” to comprehensively represent the dependence of
nanostructure on reactor operating conditions (temperature,
pressure, surface to volume ratio, residence time), we herein
present an a priori investigation of acetylene (C,H,)
deposition on zigzag and armchair graphene edges in the
form of activated radical sites (ie., carbon addition step in
the HACA mechanism). The selected system is representative
of typical C1-C3 hydrocarbon pyrolysis, where acetylene
deposition typically plays a key role in the growth of PAHs,
soot and deposited pyrocarbon.”*™** Armchair and zigzag
edges are selected as representatives of two different types of
growth sites. The potential energy surfaces (PESs) and
temperature-dependent reaction rates for C,H, addition to
the two selected sites are determined. Then, semi-
quantitative validation of the findings is performed by
comparison with analogous chemical pathways observed in
gas-phase  molecular growth  processes."*?'”  This
comparison also serves to reveal the similarities to the
homogeneous molecular growth of aromatics in the gas

This journal is © The Royal Society of Chemistry 2024
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phase. A rigorous automated lumping methodology extended
from gas-phase master equation calculations is finally
employed (ie., MEL)>® to better highlight dominant
pathways out of a quite complex network of reactions and to
simplify the implementation of these growth mechanisms in
existing kinetic models by reducing the overall number of
species and reactions needed to describe the edge growth
processes. Overall, this study proposes a workflow that can
be extended to other relevant reaction pathways in CVD
chemistry, supporting the development of higher accuracy
mechanistic kinetic models.

The article is organized as follows: section 2 provides a
detailed description of the adopted theoretical methodology.
Results are presented in section 3, starting with the
exploration of the potential energy surfaces (PES) in section
3.1 for the growth of armchair edges (section 3.1.1) and
zigzag edges (section 3.1.2) with the addition of C,H,. Then,
in section 3.2, the temperature-dependent rate constants of
the observed elementary steps are discussed in comparison
with available rate constants from analogous gas-phase
reactions. Section 3.3 presents the proposed final kinetic
mechanism, derived through the adopted lumping
methodology. Finally, section 4 summarizes the main
findings, and highlights the positive implications and future
perspectives of the presented study.

2. Methods

The reactivity of graphene edge growth by addition of C,H,
was investigated using density functional theory-based
methods implemented in the Quantum-Espresso package.*
Electronic and geometrical properties are derived using the
generalized gradient approximation proposed by Perdew-
Burke-Ernzerhof (GGA-PBE®®) along with periodic plane
waves and ultrasoft pseudopotentials. This method has been
employed to accurately describe the properties of carbon-
based materials and has been widely employed in graphene-
related studies.'®?'™** The plane wave cut-off was set to 40
Ry, and the contribution of long-range van der Waals
interactions was accounted for by applying the Grimme-D3
scattering correction.>®?® The orthorhombic unit cells
adopted for the armchair and zigzag configurations are
reported in Fig. 2. The corresponding Brillouin zone has been
sampled with a 5 x 1 x 1 grid. In the armchair edge unit cell,
the 6-membered ring repeats three times along the x
direction and five times along the z direction. For the zigzag
configuration, the width of the unit cell corresponds to four
and three benzene rings along the x and z direction,
respectively. All of the dangling carbon bonds are saturated
with hydrogen atoms, apart from one that results in the o
radical site of C,H, addition. Thus, the resulting unit cells
consist of 50 carbon atoms and 9 hydrogen atoms. To avoid
interactions among the periodic replicated images, we
accounted for a vacuum region with dimensions of 8.5 A and
9.8 A perpendicular to the armchair and zigzag graphene
planes (i.e., y direction), respectively. The detailed assessment

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Selected unit cells for the armchair and zigzag site
configurations in the presence of C,H,. Orthorhombic unit cell
dimensions are reported in angstrom.

of computational parameters obtained through the
convergence tests can be found in the ESI} (Fig. S5-S7).

The zigzag edge model was treated as antiferromagnetic,
following previous studies.'®*” The climbing-image nudged
elastic band (CI-NEB) methodology®® was employed to
determine the transition state (TS) of each elementary reaction.
We used a 16-image path sampling with a final force
convergence threshold of 0.05 eV A", For all local minima and
transition states, the vibrational frequencies and zero-point
energy (ZPE) corrections were calculated using the finite
difference approximation of the Hessian matrix, as
implemented in the Atomic Simulation Environment (ASE).*
TS structures were verified by visual inspection of the imaginary
normal mode corresponding to the reaction coordinate.

The temperature-dependent rate constants of each
elementary step on the potential energy surfaces were
calculated using the harmonic transition state theory (HTST) in
the mean-field approximation (MFA).*>*! Direct and reverse
reaction rate constants were evaluated explicitly for each
reaction j (k) with molecularity m using the following relation:

act,j

() = L gyrme(F) o

where £, is the Boltzmann constant, % is the Planck constant, T
is the temperature, R is the ideal gas constant and C, is the
reference concentration under standard conditions (p = 1 bar,
T = 298 K); hence, k{T) unit of measure is s~ or cm® mol ™" s for
unimolecular and bimolecular reactions, respectively. cht,i is
the Gibbs activation energy, derived from enthalpic (Ha,) and
entropic contributions (—S9,), of the transition state (TS) and
reactants:
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Gact,j = Hact,j - TSact,j = HTSJ' - TSTS.j - Z Viij (Hzlj - TSi,j) (2)

i=1

where Hys and Sis, and H;; and S7; are the enthalpy and the
entropy under reference conditions of the jth TS and of the I
reactants, respectively. All thermochemical properties of
surface species are derived based on the harmonic limit while
the contributions of gaseous species involved in bimolecular
heterogeneous reactions (i.e., H and C,H,) are calculated in the
ideal gas approximation.

The temperature-dependent rate constants were then
fitted according to the modified Arrhenius equation (eqn (3))
by considering a temperature range of 800-1800 K.

k(T) = AT"e(#) 3)

The lumping of the rate constants was performed using
MEL,”® an automated chemical lumping approach originally
developed for phenomenological rate constants obtained
from master equation simulations. This conversion allows for
transforming a global kinetic scheme describing the reactivity
of N stationary points on a complex multiple well PES (such
as those here investigated) into a lumped mechanism of N*
< N pseudo-species. The automated procedure eliminates
non-accumulating species and merges intermediates with
similar reactivity by solving a system of ordinary differential

0o

(4.2) (4.2)

Ao+C2H2 IS

-2.6/-2.7/-2.0

keal/mol

-100 T

-120 -
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equations that describes the evolution of species
concentrations based on the global kinetic scheme, finally
fitting the resulting rate constant according to eqn (3) for an
easy implementation into existing kinetic models. The
lumped rate constants were determined through simulations
for each pseudo-species over a range of temperature 7 = 800-
1800 K.

3. Results

3.1. Investigation of reaction pathways and potential energy
surfaces

Fig. 3 and 5 show the potential energy surfaces describing
acetylene addition on armchair and zigzag graphene edges,
respectively. Electronic energies of intermediates and TSs are
reported relative to the bimolecular reactants. The relative
energies of the initial states (IS) and final states (FS) used in
the CI-NEB calculations of steps involving bimolecular
reactants/products are also provided for completeness. Fig. 3
and 5 also report analogous energetics from literature
calculations of gas-phase acetylene addition on PAHs with
armchair (ie., 4-phenanthrenyl) and zigzag (pentacyl and
1-naphthyl) edges, respectively reported in ref. 13. These values
serve as benchmarks for our comparative analysis between
homogeneous and heterogeneous kinetics of the HACA
process. It should be noted that the reference gas-phase values
exclude ZPE for a more coherent alignment with our solid-

FS —
-63.6/-64. =
3.6/-64.9 ,
A

<

(-91.0)

Fig. 3 Potential energy surface of the addition of acetylene to the radical site at the armchair edge of graphene (A0 + C,H,). Electronic energies
relative to A0 + C,H, are reported in kcal mol ™. Energy values of analogous TSs and intermediates from the gas-phase Ci4Hg + CoH> PES*® are
also shown in brackets. ZPE corrections are not considered. A schematic graphical representation of the investigated intermediates is also

provided.
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Fig. 4 Unit cells of the bimolecular products (a) and of the three intermediates carrying an ethynyl function (b) reported in the armchair PES of

Fig. 3.
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Fig. 5 Potential energy surface (PES) of the addition of acetylene to the radical site at the zigzag edge of graphene (ZO + C;H,). Electronic
energies relative to the bimolecular reactants are reported in kcal mol™. Energy values of analogous TSs and intermediates from the gas-phase
pentacyl + CoH, and naphthyl-1 + C,H, PESs® are also shown in round and square brackets, respectively. ZPE corrections are not included. A
schematic graphical representation of the investigated intermediates is also provided.

phase findings, thus facilitating a consistent and insightful
juxtaposition of results. In other words the comparison is
restrained to purely electronic energies. ZPE corrections, total
energies, and the Cartesian atomic coordinates of the unit cell
of each reactant, intermediate, product, and transition state
can be found in Tables S3-S5 of the ESL}

3.1.1. Growth mechanisms on armchair graphene edges.
The exploration of the potential energy surface of C,H,

This journal is © The Royal Society of Chemistry 2024

addition to the armchair site (A0) (Fig. 3) revealed the
formation of three distinct bimolecular products, namely
A4+H having a new aromatic ring at the edge, C3+H
that incorporates the ethynyl group at the graphene edge
(R-C=CH, where R represents the saturated surface site),
and finally B6+H, presenting a pentagonal carbon
structure at the edge (Fig. 4a). These products can be
formed through a series of steps that mainly involve

React. Chem. Eng., 2024, 9, 2505-2519 | 2509
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isomerization, H-transfer, ring closure, and H-elimination
reactions.

Deposition of C,H, at the radical site of A0 results in the
exothermic formation of an ethenyl group at the edge (R-
CH=CH). Specifically, the three stereoisomers A1, B1 and C1
(Fig. 4b) are formed through barriers below 2 kcal mol™ (i.e.,
Eno+c,H,<a1,81,c1 = 2, 0.6, 0.2 keal mol™, respectively). Al is
located 37.5 kecal mol™ below the entrance channel and the
ethenyl fragment is parallel to the edge direction (see the red
dashed line in Fig. 4b). Meanwhile, the ethenyl fragment lies
at 120° with respect to the edge direction in B1 and C1, with
hydrogen atoms in cis- and trans-configurations, respectively.
The more stable C1 (E¢; = -40.2 kecal mol™) and B1 (Eg;, =
-39.7 keal mol™) are equilibrated through a very low energy
barrier (Ec; . = 4.0 keal mol™). Similar energetic values are
reported for the addition of C,H, to the radical site of
4-phenanthrenyl™® (i.e., C;¢H;; PES) with a slightly higher
addition barrier of 4.2 kcal mol™ (values in brackets in
Fig. 3). The torsion of the fragment in A1=B1 involves a
barrier of 3.4 kcal mol™, very similar to the values of the
analogous gas molecule (i.e., 4.6 kcal mol™ (ref. 13)). Details
about the hindered rotor analysis and results are reported in
the ESIt (Fig. S8 and S9).

A hydrogen transfer from Ca to CP of the fragment moiety
in A1 or Bl (R-CH=CH > R=C=CH,) results in the
formation of a radical site on the surface (B2) via energy
barriers of 37.7 and 40.1 kcal mol™, respectively. These
isomerization reactions show similarities with previously
investigated gas phase reactions in the C¢Hs + C,H, (ref. 21)
and Ci¢Hy; (ref. 22) PESs. Tokmakov et al>' reported an
energy barrier of 45 keal mol ™ for the smaller system, while
a barrier of 42 kcal mol™ is observed for the larger one by Li
et al. B2 has the unpaired electron delocalized over the entire
n-electronic system, thus justifying the higher stability of B2
compared to the gas-phase prototypes. As a result, the
reactions Al = B2 and B1 =) B2 are more exothermic (18.9
and 16.7 kcal mol™, respectively) than their gas-phase
counterparts (10.6 kcal mol™ (ref. 21) and 7.2 kcal mol™ (ref.
22)). However, Al preferentially undergoes ring closure via a
smaller energy barrier of 12.7 keal mol™" (gas (i.e., Enjesnz =
—24.8 kecal mol™) and forms A2, which is located 82.4 keal
mol ' below the reactants. Then A2 rapidly forms A4+H with
a barrier of 24.0 kcal mol™ (Eapeassn = —58.4 kcal mol™).
Alternatively, A2 undergoes H-migration to A3 via a barrier of
21.2 keal mol™ (i.e., Expeaz = —61.2 kcal mol™), which also
forms A4+H with a larger barrier of 47.1 kcal mol™. This two-
step channel formation of A4+H is however less favourable
due to the significant resonance stabilization of A3 (Ex3 =
-96.7 kcal mol™). Analogous reactions are found in the
Ci4Ho + C,H, PES," where the energy barriers of the
corresponding Al = A2, A2 o A4+H, A2 = A3 and A3
A4+H pathways are 6.6, 21.5, 26.2 and 36.3 kcal mol™,
respectively. In the studied solid-state system, the resonant
effect is increased by the periodicity of the graphene
structure. Consequently, the A2 well is deeper than its gas-
phase counterpart by about 10 kcal mol™. Conversely, the
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stability of intermediate A3 and of the product A4+H is closer
to their gas-phase analogues, with discrepancies below 5.7
kcal mol ™.

The formation of A3 can also occur through a multi-step
pathway from B2. In particular, electron delocalization over
the surface facilitates H-transfer in B2 from the sheet to the
R=C=CH, moiety, forming a closed shell vinyl function in
B3 (R-CH=CH,) through a relatively low energy barrier of
24.3 kcal mol™". Subsequently, ring closure at the Co in B3
forms a 5-membered ring (B4) through a notably low energy
barrier of 0.7 kcal mol™'. B4 can ultimately undergo ring
expansion to A3 through an energy barrier of 11.7 kcal mol™*
(Epsenas = —46.3 keal mol ™). This channel competes with the
direct H-loss, forming B6+H via an energy barrier of 33.7 keal
mol™ (Epsepen = -24.3 kecal mol™). However, B6+H is
mainly formed through a 2-step process starting with a 1-2
H-shift in B4, leading to B5 through a lower energy barrier of
26.1 keal mol™, followed by H-loss (Egscpein = —27.2 keal
mol™). B2 can also access additional higher energy pathways.
1-2 H-transfer from CB to Ca of the R—=C=—CH, moiety leads
to C1 via a barrier of 54.5 keal mol™ (i.e., Egpesct = —1.9 keal
mol ™), which is almost identical to the analogous gas-phase
isomerization reaction."? Successively, C1 can form C3+H via
a 40.2 kcal mol™ barrier (Eciecs:n = 0.0 keal mol™), which
is very similar to the reported analogous gas-phase prototype
reaction forming phenyl-acetylene (41.2 kcal mol™ energy
barrier'®). C1 can also isomerize via H-transfer to form C2,
which presents an ethynyl function (R-C=CH) and a
secondary surface radical. The C1 = C2 pathway occurs with
an energy barrier of 22.3 kecal mol™, which is about 10 kcal
mol™ lower than the analogous gas-phase reaction on the
Ci6H1y PES (ie., 35.7 kcal mol™ (ref. 13)). C2 can finally
decompose into C3+H with a barrier of 39.5 kcal mol™
(Ecoescarn 1.1 kecal mol™), slightly higher than the
analogous gas-phase reaction (i.e., 35.3 kcal mol™). Different
from the gas phase systems, we observed that a single
elementary step was not sufficient to describe the
connections A1=—B3 and B3=B5 and thus these reactions are
not accounted for in the presented study.

3.1.2. Growth mechanisms on zigzag graphene edges.
Investigation of the addition of C,H, to the zigzag site
showed the formation of two bimolecular products: Z4+H,
resulting in the formation of a new pentagonal carbon ring,
and Y3+H, containing the ethynyl function at the zigzag edge,
as depicted in the PES of Fig. 5. The resulting energies show
a strong correlation with those reported in the study of the
pentacyl + C,H, (ie., Cy4H;5) and naphthyl-1 + C,H, (ie.,
C1,Hg) systems whose values are reported in round and
square brackets, respectively."?

Acetylene adds to the radical site on the zigzag ring,
forming Z1 or Y1 with low barriers of Ezgicn,<71 = 1.5 keal
mol ™" and Ezg.cu,<v1 = 1.6 keal mol™, and exothermicities
of 43.1 and 45.1 keal mol ™. Z1 and Y1 exhibit the H atoms of
the ethenyl fragment in the cis and trans configuration,
respectively, and they are equilibrated through a low-energy
barrier. In the analogous gas-phase systems, the addition of

This journal is © The Royal Society of Chemistry 2024
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C,H, to the radical centre of pentacyl and 1-naphthyl has
similar energy barriers (1.3 and 41.4 kcal mol ™, respectively)
and exothermicities (2.3 and 42.3 kcal mol ™, respectively)."?
Z1 can undergo a five-membered ring closure, forming Z2 via
a 4 keal mol™" energy barrier (i.e., Ez;.z> = =39.3 keal mol ™),
which is smaller by ~10 kcal mol™* than the gas analogues in
the C,,H,;5 and C;,Hg systerns13 due to the stronger
resonance stabilization of the product. Then, H-transfer in Z2
leads to species Z3 via a barrier of 15.2 kcal mol™ (ie.,
Ez.73 = —85.6 keal mol ™). As anticipated, Z2 and Z3 are 12—
14 and 32-37 kecal mol™* deeper than the corresponding gas-
phase intermediates in the C,;H;s and C;,Hy PESs,
respectively, due to the additional aromatic stabilization (see
Fig. 5)."* The formation of Z3 can also occur through a
second pathway: Y1 undergoes H transfer from the ring to
the B carbon of the R-CH=CH fragment via a low barrier of
6.2 kcal mol™ (Ey;x; = —38.9 kecal mol™), forming a vinyl
group in X1. Next, this R-CH=CH, moiety in X1 closes to Z3
via a barrier of 0.6 kcal mol™ (ie., Exjezs = —44.8 keal
mol™). 73 finally undergoes an H-elimination reaction,
forming the pentagonal aromatic ring in Z4+H with a very
high energy barrier of 70.4 kcal mol™ (Ezzez4:n = —43.3 keal
mol ™). Due to the higher resonance stabilization, this barrier
is higher than that of the analogous gas phase step in the
C,4H;5 PES (ie., 61.0), which in turn exceeds that in the
Ci,Ho PES (ie., 46.0 kcal mol™)."* The formation of the
second investigated product is globally exothermic by 9 kcal
mol™", similar to the formation of the analogous ethynyl
pentacene and acenaphthylene in ref. 13. Y3+H can be
produced via H-loss from the o carbon of the ethenyl moiety
in Y1 via a 44.2 kcal mol™ barrier, which is slightly higher
than the analogous gas-phase reactions (i.e., 38.7 and 41.9
kcal mol™ in the C,4H;; and C;,Hs PESs, respectively'?).
Alternatively, a hydrogen transfer from Ca to CP within the
ethenyl fragment in Y1 leads to intermediate Y2 (R-CH=CH
= R—=C=CH,) followed by H-elimination. The contribution
of the latter pathway is constrained due to the high stability
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of intermediate Y2 (i.e., Ey, = —83.8 kcal mol™"), and the very
high energy barrier of 73.9 kcal mol™ in the H-loss step (i.e.,
Eyseyzsn = —9.9 keal mol™).

3.1.3. Comparative analysis of solid-phase graphene
growth and gas-phase PAH edge growth. From the C,H,
addition on armchair and zigzag edges, three (A4+H, C3+H,
and B6+H) and two (Y3+H and Z4+H) exit channels were
identified, respectively. Initial examination and discussion of
the relative energies of transition states and intermediates
provided preliminary insights into the favored reaction
pathways. A comprehensive comparison with analogous gas-
phase reactions occurring during the growth of PAHs
revealed close correlations between the gas and solid phases.
Nevertheless, we observe that the periodicity of the graphene
sheet, unlike small PAHs, enhances radical resonance,
resulting in substantial stabilization of solid intermediates.
While this stabilization effect is not observed when the
radical does not resonate with the rest of the ring (e.g., when
it is placed on ethenyl moieties such as in A1/Z1), it becomes
pronounced in cases like A2 and A3 in the armchair system.
These intermediates exhibit energy depths with respect to
reactants that are >10 and >5 kcal mol™ lower than their
gas-phase counterparts in the C;sH;; PES. Furthermore, this
effect is even more evident when considering the
intermediate Z3 in the zigzag system, which is notably more
stable (by about 15 kcal mol™) compared to its gas-phase
analogue in the pentacyl + C,H, system, which in turn is also
more stable (by about 13 kcal mol™) than the corresponding
intermediate in the smaller C;,Hq PES.

To illustrate the similarities and differences between the
studied solid systems and their respective gas-phase analogs,
Fig. 6a shows the relative energy of intermediates (solid
squares) and transition states (empty triangles) for the A0 +
C,H, PES in comparison to the corresponding intermediates
and transition states in the 4-phenanthrenyl + C,H,."* Fig. 6b
provides a similar comparison for Z0 + C,H, with the penta-
eyl + C,H, system."” Additional correlations for prototype
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Fig. 6 Relative energies of the intermediates (solid squares) and transition states (empty triangles) compared to those observed in PESs of
analogous gas phase prototypes from ref. 13 for the C,H, deposition on armchair (a.) and zigzag (b.) sites. TSs with larger deviations from the

linear correlations found are highlighted by circles.
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gas-phase deposition reactions over armchair and zigzag sites
are reported in Fig. S1 and S2 of the ESL}

Notably, we observe a strong linear correlation for both
armchair and zigzag edges. The relative energies in the solid
system are increased compared to their gas-phase
counterparts by factors of 1.1 and 1.2 for the armchair and
zigzag systems, respectively. However, significant deviations
from the linear correlation are noted in the energy values of
transition states associated with solid species exhibiting
enhanced stability (e.g., A2, A3, C2, Z2, and Z3), as indicated
by the circles in the graphs in Fig. 6.

3.2. Rate constants and product distribution

Modified Arrhenius fits for the rate constants of each
reaction channel identified in the armchair and zigzag PESs
are reported in Tables S1 and S2 of the ESI;f herein, we
discuss the rate constants of the relevant channels.
Theoretically estimated high pressure limit rate constants of
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the analogous gas-phase processes previously mentioned are
also compared with our results. It is indeed expected that the
surface undergoes fast vibrational relaxation (i.e., energy
dissipation through the bulk) upon collision thanks to the
availability of numerous vibrational levels preventing the
dependence of the rate constants on pressure.

The individual rate constants for the C,H, addition
reactions (i.e., A0 + C,H, = C1 and Z0 + C,H, = Z1) are
depicted in Fig. 7a. The formation of C1 at the armchair edge
occurs at a rate of 1.2 x 10"'-5 x 10"" ecm® mol™ s as the
temperature rises from 900 to 1800 K (solid red line). This
behavior is akin to the high-pressure limit of C,H, addition
to 4-phenanthrenyl” (red dashed line), where the
temperature dependence is enhanced by the higher activation
energy. Carbon deposition on the zigzag edge is slightly more
favored, with the rate constant for the formation of the more
stable isomer (Z1) significantly varying from 3 x 10" to 1.3 x
10" ecm® mol™ s within the 900-1800 K range (solid blue
line). Kinetics up to almost one order of magnitude faster are
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Individual channel rate constants of the armchair (red) and zigzag (blue) PESs. a. C,H, addition to armchair and zigzag edges; b. reverses of

reactions in a.; c. ring closure reactions with formation of a pentagonal or hexagonal carbon ring; d. reverses of reactions in c.; dotted and dash-
dotted lines represent high-pressure limit kinetic constants of analogous gas-phase reactions in C,H, + PAH with armchair (phenanthryl) and
zigzag (1-naphthyl and pentacyl) edges,*® respectively. The black dash-dotted lines in a. and b. represent high-pressure limit kinetic constants of
analogous reactions in the C,H, + phenyl system.*? Rate constants adopted in CVD models in the literature'! are reported with dotted black lines

ina. and b.
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instead observed for C,H, deposition reactions on gas-phase
phenyl,*” 1-naphthyl,"® and pentacyl™® (black dash-dotted
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Fig. 8 Rate constants of the H-loss channels in the armchair (red and orange) and zigzag (blue) PESs: a. H-elimination with formation of R-C=CH
fragment in Y3 and C3; b. reverses of reactions in a.; c. H-elimination leading to the new pentagonal or hexagonal aromatic carbon ring at the edge; d.
reverses of reactions in c.; e. H-elimination leading to species B6; f. reverses of reactions in e. Dotted and dash-dotted lines (red, blue, orange) are high-
pressure limit rate constants of analogous gas-phase reactions in the C,H, + phenanthryl/1-naphthyl/pentacyl systems™ (a.-d.) or in the
methylcyclopentadienyl decomposition PES? (e. and f.). The black dash-dotted lines represent high-pressure limit kinetic constants of analogous
reactions in the phenyl + C,H, PES.?**? Rate constant adopted in CVD models in the literature® is reported in a. with a dotted black line.
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rate. Reverse reactions of C,H, elimination from both
armchair and zigzag edges have similar rates approaching
those of similar gas-phase steps (Fig. 7b). Both the rates of
C,H, addition and reverse elimination adopted in CVD
models in the literature'® (black dotted lines) differ
significantly from those found in this study and would
therefore lead to different predictions of growth rates
through the HACA mechanism.

The ring closure reactions and their reverse ring opening
steps are presented in Fig. 7c and d, respectively. The low
energy barrier for the pentagonal ring closure reaction on the
zigzag graphene edge (Z1 = Z2) and the high stability of the
intermediate Z2, as discussed in section 3.1.2., result in a
rate constant for Z1 = Z2 (solid blue line) of three orders of
magnitude higher than the gas-phase counterpart (dotted
and dash-dotted blue lines)."* Furthermore, this reaction is
faster than the ring closure on the graphene armchair edge
through A1 = A2 affecting a higher energy barrier, thus
reversing their relative behavior with respect to gas-phase
reactions. Meanwhile, the reverse ring opening processes
(Fig. 7d) display very similar rate constants for both armchair
and zigzag graphene edges (3-1.9 x 10® s™ at 800-1800 K),
thus indicating a stronger preference for the formation of the
5-membered ring on the zigzag edge compared to the
6-membered ring on the armchair edge through this step.

The rate constants of the H-loss channels of the
investigated PESs are depicted in Fig. 8. Fig. 8a illustrates the
rate constants for H-elimination reactions leading to the
formation of a new aromatic ring at the graphene edge
(pentagonal in Z4 and hexagonal in A4), as well as the
analogous gas-phase steps. A2 = A4+H displays the fastest
kinetics (solid orange line), with a rate constant of 1.2 x 10"~
9 x 10" s™" at 800-1800 K (about 4 times faster than the
analogous gas-phase pyrene formation). The rate constant of
the A3 = A4+H reaction (solid red line) shows lower kinetics
(from 7.5 x 10” to 1.4 x 10° s from 800 to 1800 K) due to its
higher energy barrier. The formation of the five-membered
ring (Z4+H) through the elimination of H in the intermediate
Z3 involves a very high energy barrier and thus has a
significantly lower rate constant (solid blue line).

This latter is also lower than both the analogous gas-
phase steps, where the formation of acenaphthylene (dash-
dotted blue line) has the highest values. The rate constants
of the reverse H-addition reactions are shown in Fig. 8b.
H-addition to the pentagonal aromatic ring at the graphene
zigzag edge (Z4+H > Z3 solid blue line) involves energy
barriers similar to those of the analogous gas-phase steps,
hence similar rate constants are observed (dashed and dash-
dotted lines for H-addition to acepentacene and
acenaphthylene, respectively), with values around 1 x 10
cm® mol™* s. The H-additions to the hexagonal edge (leading
to A2 and A3, solid red and orange lines, respectively) are
slower. In particular, A4+H => A3 shows the lowest values
(ranging from 5.5 x 10° to 6.5 x 10'" ecm® mol™" s in the 800~
1800 K range) that are about two orders of magnitude lower
than the analogous H-addition to pyrene (dashed red line in

2514 | React. Chem. Eng., 2024, 9, 2505-2519
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Fig. 8d), which in fact involves a higher energy barrier.
Similar values are instead found for the A4+H = A2 reaction
and the analogous gas-phase step (solid and dashed orange
lines in Fig. 8b, respectively) where very similar barriers are
observed (i.e., only 0.1 kcal mol ™" difference).

The rate constants for the H loss channels to form the
ethynyl fragment (R-C=CH) at the armchair and zigzag
edges (in C3 and Y3, respectively) are shown in Fig. 8c and d
for the direct and reverse reactions, respectively. Reaction Y2
= Y3+H has the lowest rate ranging from 9 x 10° to 2.3 x 10°
s' at 800-1800 K (solid blue line in Fig. 8c). The rate
constants of the gas-phase counterparts, presenting lower
barriers, show a similar temperature dependence and values
higher by a factor of 2 and 3 for the formation of
ethynylpentacene (dashed blue line) and ethynylnaphthalene
(dash-dotted blue line), respectively. H-elimination reactions
at the armchair edge (ie.,, C1 = C3+H and C2 © C3+H
indicated by the solid red and orange lines, respectively) are
faster and closely resemble their gas-phase counterparts. The
inverse H-addition reactions leading to intermediates C1 and
C2 (solid red and orange lines in Fig. 8d, respectively) exhibit
similar kinetics to each other and to the analogous gas-phase
reactions of H-addition to ethynylphenanthrene (dashed red
and orange lines, respectively). Conversely, the addition of H
to the Y3 intermediate on the zigzag edge (blue solid line)
displays a lower rate constant than its gas-phase counterpart
(dashed and dash-dot blue lines for H-addition to
ethynylpentacene and ethynylnaphthalene, respectively).

The rate constants related to the exit channel of B6+H on
the armchair PES are depicted in Fig. 8e (B4/B5 = B6+H)
and Fig. 8f (B6+H > B4/B5). The reaction involving the
highest energy barrier is the formation of B6 from the more
stable species B5 (solid orange line), which is approximately
two orders of magnitude lower than B4 = B6+H (solid red
line). Strong similarity is observed with the analogous gas-
phase reactions leading to fulvene (i.e., CsHsCH,-5/CsH,CHj;
= FULVENE+H in ref. 31 indicated by dashed red and orange
lines, respectively). Conversely, concerning the reverse
H-addition channel to B6 (Fig. 8f), higher values are observed
for B6+H = B5 (solid red line) compared to the H-addition to
B4 (i.e.,, B6+H = B4, solid orange line). Also in this case,
strong resemblance is observed with the analogous gas-phase
steps of H-addition to fulvene (i.e., FULVENE+H = C;H;CH,-
5/CsH4CH; in ref. 31 indicated by dashed red and orange
lines, respectively).

3.3. Chemical lumping and mechanistic analysis

Fig. 9a and b illustrate the lumped scheme for C,H,
deposition on armchair and zigzag graphene edge sites,
respectively, better highlighting the dominating pathways of
C,H, deposition.

As described in section 2, the MEL approach®® enables us
to automatically lump the reactivity of the investigated multi-
well potential energy surfaces effectively reducing the overall
number of species and reactions. C,H, deposition on the

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4re00096j

Open Access Article. Published on 20 June 2024. Downloaded on 5/23/2026 6:55:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Reaction Chemistry & Engineering

C2H2
o t

NN

AQ Ao+C2H2

View Article Online

Paper

/

— ¥

Bs

C2H2

70 C2H2+Zo

+ == H+ l||
' Cw | '

Y3+H

I 1

|
= f =
COGr \ GO G

I

e

0 — G

Z2 ZA?;

H+ .
7 |«
Y Y Y T

Z3 74 Z4+H
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Pseudospecies in the lumped mechanism are distinguished by red or blue rectangles for the armchair and zigzag system, respectively. The black
arrows denote reactions within the detailed mechanism, whereas the red and blue arrows indicate reactions in the lumped armchair and zigzag

mechanisms, respectively.

armchair edge involves a network of 14 intermediate species
and 42 irreversible reactions. MEL was able to reduce this
complexity to a smaller model of only 5 pseudospecies
(delimited by red boxes in Fig. 9a) and 10 reactions (red
arrows in Fig. 9a). In this refined mechanism, three closely
reactive intermediates B1, C1, and C2 were lumped as single
pseudospecies B1 L. The isomer pool composition was
determined through iterative isothermal 0-D batch reactor
simulations of the full PES reactivity, as elucidated in ref. 28.

This journal is © The Royal Society of Chemistry 2024

The final composition is consistent with the relative stability
of the isomers manifesting as 11-18% C2, 32-36% B1, and
55-46% C1 across the 800-1900 K temperature range (see
Fig. 10). Comparison between the performances of the
detailed and lumped models for both zigzag and armchair
graphene edge growth by acetylene deposition is reported in
Fig. S3 and S4 of the ESI;} respectively.

Intermediate A3 can also accumulate significantly, and it
was thus treated as a single pseudo-species A3. The primary
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Fig. 10 Composition of the pseudo-species B1_L.

products, A4+H and C3+H, were also considered as single
lumped pseudo-species, represented by A4 and C3,
respectively.

Conversely, the formation of B6+H was omitted from the
consolidated mechanism, as the generation of B6 from all
other pseudo-species is negligible (e.g., cpe+n/Cior < 0.05)
under the considered conditions (ie., 800-1900 K). The
remaining  seven intermediates showed  negligible
accumulation across all temperatures and were excluded
from the lumped mechanism pseudospecies set but only
considered implicitly in the reactivity. In conclusion, similar
to what happens in gas-phase PAH systems with armchair
bays,"® the higher resonance stabilization on the graphene
sheet favors the formation of the additional 6-membered ring
over that of a fulvene-like structure, to the point that the
latter can be neglected from a macroscopic standpoint.
However, considering the global reactivity, it can be expected
that the main limiting step of the reaction remains the
acetylene addition channel, which was found to be faster
than the gas-phase counterparts; the higher stability of
intermediates involving resonance stabilization with the
graphene sheet (A3 in particular) might lead to a larger
accumulation of these species, possibly suggesting the need
to investigate further growth from these wells.

In the lumped zigzag system, the most thermodynamically
stable intermediate, Z3, is the sole accumulating
intermediate. Y3+H was excluded from the stable
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pseudospecies for reasons analogous to the exclusion of
B6+H in the armchair system. Consequently, the simplified
lumped zigzag model encompasses only 3 species, Z0, Z3 and
74 (blue rectangles in Fig. 9b) and 4 irreversible reactions
(blue arrows in Fig. 9b). This approach significantly
simplifies the zigzag network, which previously comprised 9
species and 22 reactions.

The final set of lumped rate constants for 12 reactions
that occur among the 8 pseudospecies in the final lumped
scheme is presented in Table 1. When implementing such
findings in a semi-detailed kinetics framework, successive
reactivity of A4 can be assimilated to that of a pure armchair
edge thus leading to the formation of intermediates that,
upon H-abstraction, are structurally equivalent to A0
consequently leading to further growth through deposition
channels here investigated or through other channels (e.g.
recombination, ipso-substitutions, etc.'”) that are outside the
scope of this study. This assumption is justified by analogous
bond dissociation energies™® and by the need of simplifying
the description of a complex heterogeneous network of
reactions thus limiting the number of isomer intermediates.

4. Conclusions

We provide a detailed analysis of graphene growth
mechanisms at both armchair and zigzag edges. The use of
advanced methodologies, including density functional theory
calculations and the CI-NEB technique, enabled us to
construct intricate potential energy surfaces for C,H,
deposition. This allowed us to elucidate favored growth
pathways extending the analysis to the formation of
structural irregularities, such as the formation of five-
membered rings during zigzag edge growth. The meticulous
derivation of rate constants for each reactive step undertaken
in this study establishes the foundation for a comprehensive
kinetic framework capable of capturing the inherent
complexities within graphene growth dynamics. A detailed
comparison with analogous gas-phase reactions occurring
along the armchair and zigzag edges of PAHs has
underscored remarkable parallels between graphene growth
chemistry and that of gas-phase aromatics. Conversely,

Table 1 Kinetic constant parameters of reactions (irreversible) in the armchair (left side) and zigzag (right side) lumped mechanisms. Units are

cm?®, mol, s, cal

Armchair edge A n E,

A0+ C,H, = BI L 2.29 x 10> 2.93 -1403.24
A0+ C,H, = A3 9.43 x 10° 1.62 2227.73
A0+ C,H, = A4+ H 1.06 x 10° 1.3 4712.55
BI_L = A0 + C,H, 8.31 x 10" 0.66 37531.99
BI L = A3 2.43 x 10”7 -18.38 76 520.21
BIL=C3+H 1.17 x 102 0.46 37292.43
A3 = Ad+H 6.38 x 10> 3.01 29206.07
A4+ H = A3 2.22x107" 3.87 -1737.65
G3+H=>BIL 8.50 x 10° 1.39 1868.21
C3+H = A3 6.93 x 10%* -3.99 29486.91
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Zigzag edge A n E,

70 + C,H, = 73 1.02 x 10* 2.57 -1671.49
73 = 70 + C,H, 2.24 x 10" 0.32 111456.60
73=>Z74+H 7.05 x 102 0.74 66157.00
Z4A+H =73 1.78 x 10° 1.53 -1153.28
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significant peculiarities of the solid system investigated here
have also come to light, particularly the stabilization effect
resulting from a broader radical resonance within the
graphene sheet, as opposed to the fewer rings of PAHs. The
final kinetic mechanism, derived through the MEL approach,
significantly reduces the number of species from 23 (i.e., 14
for armchair and 9 for zigzag) to 8 lumped pseudo-species (5
for armchair and 3 for zigzag) and the number of reactions
from 64 (42 for armchair and 22 for zigzag) to 16 (10 for
armchair, and 6 for zigzag). This makes it perfectly integrable
into current models, enhancing the accuracy of representing
the chemical dynamics governing the synthesis of
pyrocarbons via CVD and CVI, without introducing undue
complexities for simulation purposes. Such revisions can be
realized through adjusting the kinetic constants of pre-
existing reactions and incorporating the chemistry leading to
the introduction of structural irregularities, thereby
influencing the structure of the final material.

As a whole, this exploration of interactions between
acetylene and graphene sheet edges has highlighted potential
gaps, biases and weaknesses in current models,
predominantly derived from gas-phase pathways thus
pointing to the necessity of more accurate derivation of
kinetic constants, particularly for reactions involving the
formation of resonant n-radicals throughout the structure. In
addition, it emphasized the critical importance of studying
further reactions involving highly stable structures that can
accumulate during the process and subsequently interact
with other gas-phase species or nearby edge structures.
Consequently, the forthcoming focus should be devoted to
investigating the deposition of other intermediates (e.g.,
methyl radical, propene, propyne, allene and related radicals
such as propargyl) on stable species highlighted in this study,
such as C3, A3, or Z3.
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